Introduction
The extension of circular dichroism (CD) measurements into the vacuum-ultraviolet (VUV) region can provide more detailed and new information on the structure of biomaterials based on the higher energy transition of chromophores, such as hydroxyl and acetal groups. Therefore, vacuum-ultraviolet circular dichroism (VUVCD) spectrophotometers have been constructed at several facilities, using synchrotron radiation (SR) as an intense light source. 1, 2 However, because all of these spectrophotometers are available only under a nitrogen-gas atmosphere, the short-wavelength limit so far remains at about 170 nm for aqueous solutions. We are constructing a VUVCD spectrophotometer at the Hiroshima Synchrotron Radiation Center (HSRC), which is capable of measuring the CD spectra in the wavelength region down to 140 nm for aqueous solutions by keeping all of the optical devices under a high vacuum. 3, 4 For such a VUVCD measurement, a thin optical cell endurable under high vacuum is indispensable to attain a high transmittance in the VUV region by minimizing the absorption of solvent water. Such an optical cell should also be useful for UV absorption measurements in the VUV region.
Various types of short path length cells of less than 1 mm are commercially available for CD and UV measurements. In most cases, these cells are made with quartz crystals (hexagonal) and fused quartz crystals (amorphous) which have a transmittance limit of 160 and 200 nm, respectively. A higher transmittance can be obtained by metal fluorides, such as CaF2. Johnson and Tinoco made a demountable cell with CaF2 windows to change the path length, but details of the cell construction are unknown. 5 Radding et al. 6 constructed an assembled-type quartz cell of 0.01-mm path length which can be used for both solvent and sample CD measurements without disassembling the cell, the solvent being evaporated and replaced by the sample solution. This cell has good reproducibility in path length, but has difficulty in cleaning the cell windows as well as the fixed path length cells. Glay et al. 7 constructed an assembled-type thin quartz cell with a spacer to change the path length and clean the cell windows by disassembling. This cell allows CD measurements with good reproducibility in path length below the noise level in the wavelength region down to 185 nm using a commercial CD spectropolarimeter. However, all of these cells so far constructed are available only under a nitrogen-gas atmosphere, and a vacuum-proof optical cell for the VUVCD measurements remains undeveloped due to some technical difficulties.
In the present study, we constructed an assembled-type optical cell with MgF2 windows, which is capable of measuring the CD spectra for aqueous solutions under a high vacuum (10 -4 Pa) in the VUV region down to 140 nm. We also constructed a temperature-control unit with a Peltier thermoelectric element which can control the temperature of a sample in the temperature range from -30 to 70˚C. A good performance of the optical cell and temperature-control unit has been confirmed by monitoring the VUVCD spectra of standard materials.
Experimental

Design and construction of the optical cell
An optical cell for VUVCD measurements must meet various requirements. (I) The cell must be airtight to protect the sample solution against evaporation under a high vacuum. (II) The path length must be changeable and short enough to minimize light absorption by the solvent water in the VUV region. We constructed an assembled-type MgF2 cell that can function under a high vacuum (10 -4 Pa), and is capable of measuring the vacuum-ultraviolet circular dichroism (VUVCD) spectrum in a wavelength region down to 140 nm for aqueous solutions. Its path length can be adjusted by various spacers in the range from 1.3 to 50 µm. The temperaturecontrol unit of the cell was also constructed with a Peltier thermoelectric element to keep the temperature of a sample within an accuracy of ±1˚C in the temperature range from -30 to 70˚C. The optical cell and the temperature-control unit were confirmed to have good performance by monitoring the VUVCD spectra of ammonium d-camphor-10-sulfonate and myoglobin aqueous solutions. This cell is available not only for VUVCD spectroscopy, but also for vacuum-ultraviolet absorption measurements. To satisfy these requirements, we designed an assembled-type cell, as shown in Fig. 1 . The cell consists of a stainless-steel container with a cylindrical screw and two MgF2 windows of 20-mm diameter and 1-mm thickness (Ohyo Koken Kogyo Co., Ltd.). The c-axis cut MgF2 disk is used to eliminate the birefringence of the windows. The optical path length can be adjusted over the range from 1.3 (without spacer) to 50 µm with various donut-shaped aluminum or Tefron spacers (Tokyo Materials Co., Ltd. and Nichias Co.). The sample solution in the cell is sealed with six fluoride-rubber O-rings (Types P15 and P34, Nippon Valqua Industries, Ltd.).
For assembling the optical cell, first, two O-rings (parts 8 and 9 in Fig. 1 ) and MgF2 disk (part 7) are set up on a stainless-steel bottom block (part 10). Second, a spacer of a given path length (part 6) is put on the MgF2 disk, and then the sample solution is mounted at the center of the MgF2 disk. Third, the sample solution is covered by another MgF2 disk (part 5) and then sealed by a stainless-steel cover (part 3) with an O-ring (part 4). The overflowing sample through the spacer is trapped in the port (part 11). O-rings, (4, 8, and 9) are coated with a highvacuum grease (Dow Corning Toray Silicone Co., Ltd.) to completely seal the sample solution. Finally, these assembled parts are tightly fixed by a stainless-steel cap (part 2) and the cell windows are pressed uniformly by turning needle A of a cylindrical screw (part 1) to a given scale on the steel cap. The MgF2 disks and the spacer can be protected from any displacement by stopper B on the bottom block. These accessories are useful for re-assembling the cell with good reproducibility. Before assembling the cell, the MgF2 disks and the spacer are cleaned with distilled water and ethanol.
Design and construction of the temperature-control unit
The temperature-control unit circulating water through the cell jacket cannot be used for the VUVCD spectrophotometer because even a small leak of water causes serious damage of the optical systems and beam line. We thus adopted a Peltier thermoelectric element system to control the temperature of the sample. Because the release of the heat of radiation from the Peltier thermoelectric element is difficult under a high vacuum, a heat-radiation unit was also constructed using liquid nitrogen as a coolant. Figure 2 shows a block diagram of the temperature-control unit.
The Peltier thermoelectric element (CP1.4-71-10L, Melcor Co.) (part 2) is fixed by a jack (part 7) to a copper jacket (part 4) through which liquid nitrogen is circulated. Heat generated by the Peltier thermoelectric element is transferred to the MgF2 cell windows (part 1) through a copper heat conductor (part 3).
All of the cell and temperature-control units constructed are set up in the vacuum sample chamber of the VUVCD spectrophotometer (Fig. 2c) . The copper jacket is linked through flexible stainless tubes (321-4-X-12-B2, CAJON Co.) (part 5) to a liquid-nitrogen reservoir outside the vacuum chamber. The Peltier thermoelectric element and Pt thermistor (Sanko Electric Co., Ltd.) (part 6) are connected through the flange (ANELVA Co.) (part 8) to a Peltier thermo-controller (MT863-04C06, Netsu Denshi Kogyo Co., Ltd.) (part 9). The d.c. current of the Peltier thermoelectric element is controlled using a thermo-controller, which has outputs of 3 and 6 volts for generating maximum temperature differences of about 40 and 60˚C, respectively. The temperature of the heat conductor is monitored by a Pt thermistor and a thermo-controller.
Sample preparation
The performances of the constructed optical cell and the temperature-control unit were tested by measuring the VUVCD spectra of ammonium d-camphor-10-sulfonate (ACS) (Katayama Chemical Co.) and whale myoglobin (Sigma Co.). These materials were used without further purification. Myoglobin was dialyzed against distilled water and centrifuged for 20 min at 14000 rpm to eliminate the aggregated protein.
The concentration of the protein was determined by an absorption measurement with a molar extinction coefficient of 1.43 M -1 cm -1 at 280 nm. The sample solution was adjusted to pH 3.7 with acetic acid.
Results and Discussion
Performance of the optical cell perfectly straight within an accuracy of ±2 mdeg. The spectrum of ACS obtained by the VUVCD spectrophotometer was completely superimposed upon that obtained by a commercial JASCO J-720W spectropolarimeter in the wavelength region down to 185 nm. Two characteristic peaks are observed at 291 and 192 nm with an intensity ratio of 1:2, as expected for normal operation of the instrument. 8 No change was found in the spectrum after the sample cell was held under a vacuum for 10 h at room temperature, indicating no leakage of the sample solution. The CD spectrum was reproducible within a 5% error when the spacer and the sample solution were exchanged. The inset of Fig. 3 shows plots of the ellipticity at 291 nm as a function of the ACS concentration. The experimentally observed ellipticities are in good agreement with the calibration line calculated with a molar ellipticity of 7910 deg cm 2 dmol -1 at 291 nm in the 0 -400 mM range of the ACS concentration. 8 These results indicate that the MgF2 windows are free from the strain birefringence, and that the path length remains constant under a high vacuum. The path length of the cell can be adjusted with various spacers of different thickness. Spacers of 20 and 46-µm thickness are most frequently used for our measurements. The path lengths from 1.3 to 2 µm can also be obtained without a spacer to minimize the absorption by water. In any case, the path length can be precisely determined by comparing the intensities of the VUVCD spectra with those of the same sample measured by a commercial CD spectrophotometer at some overlapped wavelengths in the far-UV region.
Performance of the temperature-control unit
The temperature of the sample is controlled by changing the d.c. current supplied to the Peltier thermoelectric element. Because a direct measurement of the temperature of a sample solution is difficult, it must be determined by calibration from the setting temperature (Tset) of Peltier thermo-controller or the temperature of the heat conductor.
Assuming that the temperature of the sample solution is identical to that of the MgF2 cell windows (Tcell), we predetermined the difference between Tset and Tcell. Tcell was monitored by another thermistor attached to the MgF2 window as a function of time after setting the temperature of the thermo-controller. Tcell became constant within about 30 min after changing Tset by 10˚C. This was also the case for a larger shift of Tset. As shown in Fig. 4 , the final Tcell value thus obtained is in proportion to Tset when Tset is changed in the temperature ranges from 25 to 80˚C and from 25 to -30˚C. Therefore, we can determine the temperature of a sample solution using the calibration lines with an accuracy of ±1˚C. Tcell is very close to Tset at room temperature, but the difference between two temperatures becomes larger as Tset is far from room temperature. The higher and lower temperature limits attained by this temperature-control unit are about 70 and -30˚C, respectively, because the thermo-controller has a setting temperature limit of ±80˚C. Accurate temperature control was difficult at temperatures below -30˚C, probably due to inadequate heat radiation from the Peltier thermoelectric element. Because water in a narrow space dose not freeze at sub-zero temperature, we can cool down the sample solution to -17 and -10˚C without freezing by using cells of 25 and 46-µm path length, respectively.
The performance of the temperature-control unit was tested by monitoring the VUVCD spectra of a model protein, myoglobin, at several temperatures. This protein is known to unfold at low temperature (cold-denturation) as well as at high temperature (heat-denaturation). 9 Figure 5 shows the VUVCD spectra of myoglobin (pH 3.7) at three temperatures (-7, 30, and 68˚C). The short-wavelength limit of the spectra was 160 nm because of the large absorption by the solvent (acetic acid). Evidently, the spectrum of cold-denatured protein at -7˚C is largely different from that of the heat-denatured one at 68˚C. These results demonstrate that the constructed temperature-control unit as well as the optical cell normally operates under a high vacuum and it is useful for studying heat-induced conformational changes of biomaterials. As shown in this paper, for the first time, we have succeeded to construct an optical cell and its temperature-control unit endurable under a high vacuum. With this cell, we can measure the VUVCD spectra of biomaterials in the wavelength region down to 140 nm based on the higher energy transition of chromophores which cannot be obtained by a commercial CD spectropolarimeter. 10 This cell is available not only for VUVCD spectroscopy, but also for vacuum-ultraviolet absorption measurements. Simultaneous measurements of CD and UV spectra in the VUV region should open a new field in structural biology. Open circles and triangles show the CD spectra of the same sample measured by a JASCO J-720W spectropolarimeter at 30 and 68˚C, respectively.
